Background: The obesity-lung cancer association remains controversial. Concerns over confounding by smoking and reverse causation persist. The influence of obesity type and effect modifications by race/ethnicity and tumor histology are largely unexplored. Methods: We examined associations of body mass index (BMI), waist circumference (WC), and waist-hip ratio (WHR) with lung cancer risk among 1.6 million Americans, Europeans, and Asians. Cox proportional hazard regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) with adjustment for potential confounders. Analyses for WC/ WHR were further adjusted for BMI. The joint effect of BMI and WC/WHR was also evaluated. Results: During an average 12-year follow-up, 23 732 incident lung cancer cases were identified. While BMI was generally associated with a decreased risk, WC and WHR were associated with increased risk after controlling for BMI. These associations were seen 10 years before diagnosis in smokers and never smokers, were strongest among blacks, and varied by histological type. After excluding the first five years of follow-up, hazard ratios per 5 kg/m 2 increase in BMI were 0.95 (95% CI ¼ 0.90 to
Methods

Study Population
Twelve prospective cohort studies were included: in the United States, the National Institutes of Health-AARP study (NIH-AARP), Health Professionals Follow-Up Study (HPFS), Nurses' Health Study (NHS), Iowa Women's Health Study (IWHS), Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO), Southern Community Cohort Study (SCCS), and Vitamins and Lifestyle Cohort Study (VITAL); in Europe, the European Prospective Investigation into Cancer and Nutrition Cohort (EPIC) and Nord-Trøndelag Health Study (HUNT); in Asia, the Japan Public Health Center-based Prospective Study cohort (JPHC), Shanghai Men's Health Study (SMHS), and Shanghai Women's Health Study (SWHS). Details of this consortium have been described (17) . Each study was approval by its respective institutional review board, and written informed consent was obtained from the study participants. The pooling project was approved by the Vanderbilt University Institutional Review Board.
Anthropometrics Assessment
Weight and height data were collected at baseline in all participating studies, based on self-reports or measurements.
Self-reported weight and height were validated in several cohorts and showed high correlations with measurements (18) (19) (20) . BMI was calculated as weight (kilograms) divided by square of height (meters). According to World Health Organization (WHO) classifications (21) . Waist and hip circumference data were available in four US studies, two European studies, and two Asian studies, all based on tape measurements. According to WHO classifications (22) , WC was categorized as less than 88.0, 88.0 to 93.9, 94.0 to 101.9, or 102 or more cm for non-Asian men, less than 80.0, 80.0 to 87.9, 88.0 to 93.9, or 94 or more cm for Asian men, and less than 72, 72.0 to 79.9, 80.0 to 87.9, 88 or more cm for all women, corresponding to normal, moderate, high, and very high WC; the last two groups were defined as central obesity. WHR was categorized as less than 0.90, 0.90 to 0.949, 0.95 to 0.99, or 1.00 or higher for non-Asian men, less than 0.85, 0.85 to 0.899, 0.90 to 0.949, or 0.95 or higher for Asian men, and less than 0.75, 0.75 to 0.799, 0.80 to 0.849, 0.85 or higher for all women, corresponding to normal, moderate, high, and very high WHR. We also conducted analyses using cohort-and sex-specific quintile cutoffs of WC and WHR, and results are shown in the Supplementary Tables 1  and 2 (available online) .
Cancer Ascertainment
Incident primary cancer cases and their histology information were identified per each cohort study's protocol, mostly via follow-up surveys, linkage with cancer registries, review of medical records, or a combination of these methods. Follow-up time ended at first cancer diagnosis (any site), death, loss to follow-up, or the date of the latest follow-up, whichever came first. According to the International Classification of Diseases (ICD), lung cancer was ascertained by codes 162 (ICD-9) or C34 (ICD-10). Based on histology data provided by each cohort, lung cancers were classified into adenocarcinoma, squamous cell carcinoma, other non-small cell carcinoma, small cell carcinoma, and all others (including unknown).
Covariates Assessment
Baseline information on sociodemographics, smoking and other lifestyle habits, and medical history was obtained from each cohort. Harmonized covariates adjusted for in the analyses included age, sex, race/ethnicity, education, smoking status, smoking pack-years, age at smoking initiation, years since smoking cessation, family history of lung cancer, physical activity, alcohol consumption, and menopausal status in women.
Statistical Analysis
Participants were excluded if they had a history of any cancer at baseline (except nonmelanoma skin cancer), missing data on BMI or smoking status, or extreme BMI (beyond five standard deviations of the cohort-and sex-specific log-transformed mean).
Baseline characteristics across BMI categories were compared using a general linear model for continuous variables and the chi-square test for categorical variables. The Cox proportional hazard model was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) with stratification by cohort, enrollment year, and birth year, and adjustment for all covariates listed above. Analyses for WC/WHR were further adjusted for BMI categories; results without adjustment for BMI are also shown in Supplementary Tables 3 and 4 (available online) . The proportional hazard assumption was tested using the Schoenfeld residual method. In addition, we evaluated the joint effect of overall and central obesity by grouping participants into four categories according to their BMI (< or 25 kg/m 2 ) and WC/WHR (normal/moderate or high/very high). These obesity measures were also modeled as continuous variables; hazard ratios were estimated for each 5 kg/m 2 increase in BMI, 10 cm increase in WC, and 0.1 increase in WHR.
To avoid the influence of extreme values, participants with BMI lower than 15 or higher than 50 kg/m 2 or WC/WHR in the sex-specific top and bottom 1% were excluded from these analyses. Analyses were conducted by years of follow-up, sex, race/ ethnicity, smoking status, and histological type. Potential interaction was evaluated via likelihood ratio test comparing models with and without the interaction terms. We also conducted meta-analyses to combine results from each cohort. Potential heterogeneity was evaluated across cohorts, follow-up time intervals, and histological types using Cochran's Q (23) . Sensitivity analyses were further performed, including additional adjustment for passive smoking among cohorts that collected this information and additional adjustment for dietary intakes of saturated and polyunsaturated fats, given that we recently reported their associations with lung cancer risk in this pooling project (24) . All analyses were conducted using SAS, version 9.4. All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant.
Results
Among 1 636 357 study participants (mean age at baseline ¼ 55.4 years), 23 732 incident primary lung cancer cases were identified during an average follow-up of 11.9 years. As shown in Table 1 , average BMIs were higher in the US and European cohorts (25.0-32.0 kg/m 2 ) than in Asian cohorts (23.5-24 .0 kg/ m 2 ). Among 861 133 participants with WC data, 50.3% of men and 49.7% of women had central obesity, according to WHO definitions. Overweight and obesity were more common among blacks, individuals without college education, former smokers, heavy smokers (>50 pack-years), and individuals with a family history of lung cancer and low physical activity level ( Table 2) . As expected, WC and WHR increased substantially from normal weight to obese groups and were similarly associated with the above-mentioned factors. BMI was inversely associated with lung cancer risk ( Table 3) . The association attenuated with increasing length of follow-up (P heterogeneity across time intervals < .001), but remained statistically significant after excluding the first five or 10 years of follow-up. To reduce potential influence of reverse causation on risk estimates, we excluded the first five years of follow-up in all remaining analyses for BMI. Among 1 482 599 participants who were alive, cancer-free, and followed for five or more years, 15 , with hazard ratios ranging from 0.76 to 0.93 (Table 4) . The association was similar in men and women, but ARTICLE Figure 1 , available online). Low to moderate heterogeneities across cohorts were found for the BMI-lung cancer association; the WC/WHR-lung cancer associations appeared more heterogeneous across cohorts, especially between the SMHS (all Asian men) and SCCS (all African Americans). Nevertheless, results from using pooled or meta-analyses were basically the same. Further adjustment for passive smoking status or saturated and polyunsaturated fat intakes did not change the results.
Discussion
In this pooled analysis of 12 cohort studies with more than 1.6 million individuals from the United States, Europe, and Asia, we found an overall inverse association between BMI and lung cancer, which was modified by smoking status and follow-up time, to be strongest among blacks and different between small cell and non-small cell lung cancer. Notably, the inverse association between BMI and non-small cell lung cancer was observed among never smokers after excluding the first five years of follow-up; however, BMI was positively associated with risk of small cell lung cancer. In contrast, WC and WHR were associated with increased lung cancer risk, regardless of sex, smoking status, follow-up time, and tumor histology. The WC-lung cancer association seemed particularly evident for squamous cell carcinoma. When considered jointly, participants with low/normal BMI but high/very high WC showed a 40.0% greater risk of lung cancer than those with high BMI but normal/moderate WC. The inverse association between BMI and lung cancer has been consistently reported in many cohort studies (2, (6) (7) (8) 10, 11, 25, 26) , but its interpretation remains controversial. The obesity-lung cancer association is sensitive to confounding by smoking and reverse causation (27, 28) . Tobacco smoking, the dominant risk factor for lung cancer, usually leads to lower body weight and may also change body composition and fat distribution (29) . Therefore, it is critical to carefully control for smoking exposure when evaluating the obesity-lung cancer relationships. Many studies have suggested that the inverse association of BMI with lung cancer is restricted to smokers (1, 2, 6, 10, 26) , suggesting the possibility of confounding by smoking. However, other studies and two meta-analyses found a statistically significant inverse association among never smokers (3, 5, 7, 8) , consistent with our findings. Because lung cancer is relatively rare among never smokers, the statistical power to investigate the association among never smokers while addressing reverse causation has been limited. Findings from our large pooled analysis suggest that overweight and class I obesity are associated with lower lung cancer risk among both smokers and never smokers, suggesting that the observed inverse BMI-lung cancer association is not entirely due to confounding by smoking. Analyses by lung cancer subtypes showed inverse associations for adenocarcinoma and squamous cell carcinoma, but a positive association for small cell lung cancer, suggesting that obesity may affect lung cancer histological types differently. These data also indicate that the obesity epidemic is not a contributing factor to the recent increase in lung adenocarcinoma risk among smokers (30).
Another putative explanation for the inverse BMI-lung cancer association is reverse causation. While chronic lung damage and lung function decline caused by smoking and other carcinogenic exposures can lead to weight loss that precedes lung cancer diagnosis (31, 32) cancer itself can also cause weight loss, an effect referred to as reverse causation. However, our primary risk analyses were carried out after excluding the first five years after BMI assessment. Moreover, the inverse association persisted after excluding the first 10 years, which argues against reverse causation as a sole explanation. Potential biological mechanisms such as reduced levels of carcinogen-DNA adducts, oxidative DNA damage, and chromosome damage have been proposed to explain how high BMI may protect against lung carcinogenesis (4, (33) (34) (35) . However, these mechanisms have also been proposed for positive associations between BMI and other cancers. Well-designed, prospective studies, particularly those incorporating biomarkers for oxidative stress, inflammation, and DNA damage, may help us to better understand the biological mechanism(s) underlying the BMI-lung cancer association. Our findings on central obesity agree with those of a recent meta-analysis of six prospective cohort studies showing that each 10 cm increase in WC was associated with a 10.0% increase in lung cancer risk (9) . That meta-analysis, however, was limited by its inability to conduct subgroup analyses (e.g., by sex or histological type), control for confounding factors, or evaluate reverse causation. Our study, including nearly twice as many cases as the metaanalysis, is thus by far the largest and most comprehensive prospective investigation on central obesity and lung cancer risk.
The positive association of central obesity with lung cancer risk across sexes, races, and histological types highlights the importance of examining body composition (eg, fat vs lean mass), fat distribution (eg, central/upper vs lower body fat and subcutaneous vs visceral fat), as well as obesity-related metabolic disorders in lung carcinogenesis. At a given BMI (a rough measure of overall obesity including both fat and lean mass), individuals with high WC/WHR may have increased abdominal and visceral fat, but decreased lean mass (and thus may still maintain normal weight); meanwhile, they may manifest hyperglycemia, insulin resistance, dyslipidemia, inflammation, and altered levels of insulin-like growth factors, sex hormones, adipokines, and myokines (36, 37) . All of these metabolic disorders have been suggested as potential risk factors or underlying mechanisms for lung carcinogenesis, though much evidence remains inconclusive (38) (39) (40) (41) . The "low BMI-high WC" phenotype is particularly common among current and heavy smokers (as shown in Supplementary Table 5 , available online), as smoking can cause many of these metabolic disorders, along with weight loss (especially muscle loss) and accumulation of 
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abdominal and visceral fat (29, 42) . Our present findings and proposed explanations are supported by recent large-scale Mendelian randomization studies showing that genetically predicted BMI, WHR, and insulin resistance were statistically significantly associated with increased lung cancer risk, particularly for squamous cell and small cell lung cancer (43, 44) . Other factors that contribute to differential obesity phenotypes as well as lung cancer risk and subtypes, including genetic profile, estrogen level, and physical activity, may also underlie the obesity-lung cancer relationship (43) (44) (45) (46) . Future studies using advanced body composition measures (eg, imaging techniques) and molecular approaches (eg, metabolomics) may help elucidate underlying mechanisms. Meanwhile, appropriate prevention approaches, for example, lung cancer screening, may consider adding assessments of central obesity (especially for individuals who are normal or underweight) and obesityrelated metabolic disorders to help identify high-risk individuals.
The present study has several strengths. The large sample size, long follow-up time, and individual-level data including detailed smoking information and tumor histology enable us to address potential confounding and reverse causation and to evaluate associations among never smokers and relatively rare lung cancer types. Moreover, our study included diverse populations from different regions and racial/ethnic groups. We found that the obesity-lung cancer associations appeared to differ by race, with blacks being most affected, no matter whether the cutoffs used were from project-wide WHO criteria, cohortspecific quintiles, or race-specific quintiles. This potential variation by race is plausible, given the racial differences in body composition, fat distribution, tobacco carcinogen metabolism, and lung cancer incidence rates (14) (15) (16) .
The present study also has several limitations. First, because of its observational nature, our findings may be influenced by measurement errors in anthropometric variables and residual confounding in covariates such as smoking exposure. Second, anthropometrics and smoking information were collected at baseline and might have changed during follow-up. Third, statistical power for certain subgroup analyses are still inadequate, such as among blacks and for rare histological types. Also, Figure 2 . Joint effect of body mass index and waist-hip ratio on lung cancer risk, excluding the first five years of follow-up, by sex, smoking status, race, and tumor histology. Cox regression analyses were carried out with stratification by cohort, year of enrollment (five-year intervals from <1985 to >2005), and year of birth (five-year intervals from <1925 to >1960), and adjustment for age, sex, race/ethnicity (white, black, Asian, or other), educational attainment (high school, vocational school or some college, college or graduate school), smoking history (never, former, or current use of cigarettes, cigars, or pipe), pack-years of cigarette smoking, age of smoking initiation, years since smoking cessation, family history of lung cancer (yes, no, or unknown), physical activity level (low, middle, or high, measured by metabolic equivalents or hours of exercise), alcohol consumption (none, moderate, or heavy [>14 g/d for women and >28 g/d for men]), and, in women, menopausal status (pre or post). High WHR was defined as waist-hip ratio 0.95 for non-Asian men, 0.90 for Asian men, and 0.80 for all women, according to World Health Organization classifications (high and very high levels as shown in Table 6 ). P interaction values were .59 with sex, .59 with smoking status, and .09 with race/ethnicity. P heterogeneity between histological types was .88. Entire follow-up time was included because of a small number of black participants. All statistical tests were two-sided. BMI ¼ body mass index; CI ¼ confidence interval; HR ¼ hazard ratio; WHR ¼ waist-hip ratio.
because many subgroup analyses were conducted, some of the findings might be due to chance.
In conclusion, in this large pooled analysis, we found a general inverse association of BMI and positive associations of WC and WHR with lung cancer. The obesity-lung cancer association is not completely due to confounding by smoking or reverse causation and may vary by race/ethnicity and tumor histological type. In addition to smoking history and other established risk factors, a "low BMI-high WC/WHR" phenotype may help identify high-risk populations for lung cancer. Our findings also suggest the need for future research to examine the roles of body composition, fat distribution, and obesityrelated metabolic disorders in the development of lung cancer.
